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The crystal structure of ionic nanocrystals (NCs) is usually controlled by reaction temperature, 
according to their phase diagram. We show that when ionic NCs with different shapes, but 
identical crystal structures, were subjected to anion exchange reactions under ambient 
conditions, pseudomorphic products with different crystal systems were obtained. The shape-
dependent anionic framework (surface anion sublattice and stacking pattern) of Cu2O NCs 
determined the crystal system of anion-exchanged products of CuxS nanocages. This method 
enabled us to convert a body-centered cubic lattice into either a face-centered cubic or a 
hexagonally close-packed lattice to form crystallographically unusual multiply-twinned 
structures. Subsequent cation exchange reactions gave CdS nanocages, while preserving the 
multiply-twinned structures. High temperature stable phase like wurtzite ZnS was also 
obtained by this method at ambient conditions. 
Chemical conversion of semiconductor NCs via ion exchange reactions can overcome the difficulties 
associated with controlling the size, shape, chemical composition and crystal structure in 
conventional syntheses (1-7). However, the crystal structure transformation in ion exchange reactions 
is still not well understood. When the entire crystal is in a structurally non-equilibrium state in ion 
exchange reactions, both the cations and anions are mobile and can induce morphological changes to 
the thermodynamically more stable shape prior to reach the final equilibrium state. For ionic NCs 
above a critical size, the anion framework remains intact and the original shape of the parent-NCs is 
retained throughout the cation exchange reaction (8). The retained shape of the parent-NCs in ion 
exchange provides an opportunity to obtain non-equilibrium unique structures and even new 
structures of ionic NCs (9), these final structures being known as “pseudomorphs”.  
 
We now show using Cu2O NCs with well-defined shapes as parent-NCs (10, 11), a distinctive shape-
dependent anionic frameworks-induced crystal phase transition in anion exchange reaction at 
ambient conditions. Regular hexahedral (RH) Cu2O NCs with a cubic phase were converted into RH 
Cu1.8S nanocages with a cubic phase, while rhombic dodecahedral (RD) Cu2O NCs with a cubic 
phase were converted into RD Cu1.75S nanocages with a triclinic phase (12) after partial anion 
exchange reaction. The Cu2O NCs have a body-centered cubic (bcc) anion sublattice, but they were 
converted into the CuxS nanocages with either a face-centered cubic (fcc) or a hexagonally close-
packed (hcp) anion sublattice. Furthermore, shape retention of the CuxS pseudomorphic nanocages 
after the Cu2O NCs provided new multiply-twinned structures consisting of unusual connections 
between crystallographically independent walls. Subsequent cation exchange reactions performed on 
RH and RD CuxS nanocages gave RH and RD CdS nanocages with a zincblende and a wurtzite phase, 
respectively, and preserved the pseudomorphic structures. The wurtzite ZnS nanocages, which 
formed under ambient conditions, are much more desirable for their optical properties than the 
zincblende phase (13, 14) that are usually synthesized at ~600 °C (15). 
 
Scanning electron microscopy (SEM) images, x-ray diffraction (XRD), and ultraviolet-visible-near 
infrared (UV-Vis-NIR) spectra of the Cu2O NCs and the CuxS and CdS pseudomorphic nanocages 
are shown in Fig. 1. All reactions were performed under ambient conditions (16). Partial anion 
exchange reactions of the RH and RD Cu2O NCs (Fig. 1, A to C) with Na2S gave cubic RH Cu1.8S 
and triclinic RD Cu1.75S nanocages (Fig. 1, D and E). The characteristic UV-Vis-NIR spectra of the 
products (Fig. 1F) confirmed that they were indeed CuxS nanocages (17). Subsequent cation 
exchange of RH Cu1.8S nanocages with Cd2+ generated the zincblende RH CdS as majority. More 
accurately, the XRD pattern (Fig. 1E) reflects the large amount of twinning in the RH nanocages and 
heavily twinned fcc shows up as hcp. On the other hand, the cation exchange of RD Cu1.75S 
nanocages with Cd2+ generated the wurtzite RD CdS nanocages (Fig. 1, G and H). The UV-Vis-NIR 
spectra displayed the characteristic semiconducting CdS phase (Fig. 1I). Low magnification SEM 
images of the CuxS and CdS nanocages are presented in Fig. S1. 
 
The overall phase transitions starting from the RH and RD Cu2O NCs are illustrated schematically in 
Fig. 2. The RH Cu2O NCs, which were enclosed by six {100} facets (anionic framework: C4 
symmetry, AB stacking), were converted into RH Cu1.8S nanocages with a cubic phase (C4 symmetry, 
AB stacking), whereas the RD Cu2O NCs, which were enclosed by 12 {110} facets (C2 symmetry, 
AB stacking), were converted into RD Cu1.75S nanocages with a triclinic phase (C2 symmetry, 
ABA′B′ stacking) (12). Subsequent cation exchange reactions, in which the Cu+ was replaced with 
Cd2+, predominately conserved the anionic frameworks (5, 6, 19), that is, the RH Cu1.8S nanocages 
gave RH CdS nanocages with a cubic zincblende phase (C4 symmetry, AB stacking) and the Cu1.75S 
nanocages gave RD CdS nanocages with a hexagonal wurtzite phase (C2 symmetry, AB stacking). 
 
A detailed examination of the nanocage crystal structures by TEM revealed that the walls consisted 
of lattice structures with unusual directions and distinctive interwall crystallographic connections. 
Images of RH Cu1.8S and CdS nanocages are shown in Fig. 3, A and G, respectively, and the 
corresponding nanobeam diffraction (NBD) patterns from the center of single RH Cu1.8S and CdS 
nanocages are shown in Fig. 3, B and H, respectively. The high-resolution (HR) TEM image (white 
square region, Fig. 3A) shown in Fig. 3C revealed lattice fringe spacing of 0.28 and 0.19 nm, 
corresponding to the (200) and (220) lattice planes of a cubic phase, respectively, indicating that the 
faces of the walls were the (001) planes. The HR-TEM image of the walls of the Cu1.8S nanocages 
revealed a cubic phase with a [110] direction to the edge and a [100] direction to the corner (Fig. 3A, 
yellow arrow). Crystal planes in RH nanostructures with a cubic phase normally displayed a [110] 
direction parallel to the diagonal line and a [100] direction parallel to the edge line.  
 
Because of the pseudomorphic transformation in anion exchange reaction, the walls in our RH Cu1.8S 
nanocages are inclined 45° to commonly observed lattice planes (20). The crystal structure of the 
walls of the nanostructures viewed over the faces and the sides are shown in Fig. 4. The anion 
sublattice viewed over the face of the RH Cu2O NC (Fig. 4A) has a bcc structure, whereas the anion 
sublattice of the RH Cu1.8S nanocage (Fig. 4B) has an fcc structure. Both unit cells displayed a 
similar anionic framework, but the Cu1.8S unit cell was rotated 45° with respect to the Cu2O unit cell. 
The rotation observed in the unit cell of the RH Cu1.8S nanocages was caused by the similarity of the 
surface anion sublattice symmetry and stacking way to those of the RH Cu2O NCs.  
 
To understand the crystallographic relation between the neighboring walls of the nanocages, we took 
the fast Fourier transform (FFT) patterns from the face and side of the wall (Fig. 4B). As discussed 
previously, the face of the RH Cu1.8S nanocage was assigned to the (001) plane and the [100] and 
[110] directions were parallel to the diagonal and edge lines, respectively. The FFT pattern of the 
side revealed that the wall was formed by stacking the (100) planes in the [100] direction, and that 
the wall sides were composed of stacked (110) planes in the [110] direction. Thus, the (001) face of a 
single wall was parallel to the (011) side of the neighboring wall, meaning that each wall was 
crystallographically independent. Thus, single crystal Cu2O was converted into multiply-twinned 
Cu1.8S through the anion exchange reaction. The speculated connections between the neighboring 
walls is depicted schematically in Fig. S2A, in which the (001) and (011) faces are connected 
through a coherent junction with similarly arranged anions. Subsequent cation exchange reaction, in 
which Cd2+ replaced Cu+, preserved the unusual directions and distinctive interwall crystallographic 
connections. The HR-TEM image of the RH CdS nanocage revealed lattice fringe spacing of 0.28 
and 0.22 nm, corresponding to (200) and (220) lattice planes of zincblende CdS, respectively (Fig. 
3I). The FFT patterns of the face and side of the walls of the RH CdS nanocage (Fig. 4C) were 
similar to those of the RH Cu1.8S nanocage. The unusual rotation of the unit cell was maintained, 
suggesting that the RH CdS nanocages had a similar interwall connection (Fig. S2A). Moreover, the 
sides of the walls displayed a similar lattice stacking way (AB) following the ion exchange reactions 
(Fig. 4, A to C). 
 
Details of the structural transformations that occurred to the RD Cu2O NCs after the ion exchange 
were revealed through TEM images; those for RD Cu1.75S and CdS nanocages are shown in Fig. 3, D 
and J, respectively. The corresponding NBD patterns from the center of single RD Cu1.75S and CdS 
nanocages are shown in Fig. 3, E and K, respectively. The HR-TEM image (square region, Fig. 3D) 
shown in Fig. 3F revealed lattice fringe spacing of 0.33 and 0.19 nm, corresponding to the (400) and 
(008¯) lattice planes of a triclinic phase, respectively (12), indicating that the faces of the walls were 
the (010) planes. The anion sublattice viewed over the face of the RD Cu2O NC displayed a two-fold 
symmetry (AB stacking) with a bcc structure (Fig. 4D). The anion sublattice of the (010) face of the 
RD Cu1.75S nanocage displayed a superimposed pseudo-hexagonal symmetry, more precisely C2 
symmetry (ABA′B′ stacking) with an hcp-like structure (Fig. 4E).  
 
The similarities between the surface anion sublattice symmetries and stacking way indicated that it 
was possible to transform the crystal structure from a cubic Cu2O to triclinic Cu1.75S structure via 
anion exchange reaction with maintaining the shape. The pseudo-hexagonal symmetry of the anion 
sublattice in Cu1.75S was similar to a hexagonally symmetrical (0001) plane (AB stacking) of a 
wurtzite structure. Thus, RD CdS nanocages with a wurtzite structure could be formed by further 
cation exchange reaction of the RD Cu1.75S nanocages even at ambient temperature (Fig. 4F). The 
HR-TEM image of the RD CdS nanocage (Fig. 3L) displayed lattice fringe spacing of 0.36 and 0.21 
nm, corresponding to (101¯0) and (112¯0) lattice planes of a wurtzite CdS nanocage, respectively. The 
crystallographic relation between the neighboring walls of the RD nanocages was determined from 
the FFT patterns of the faces and sides of the walls (Fig. 4, E and F). Similar to the RH nanocages, 
the RD nanocages were also composed of crystallographically independent, or polycrystalline, walls, 
induced by the pseudomorphic transformation in anion exchange reaction. The connection between 
neighbouring walls is depicted schematically in Fig. S2B. The lattice stacking way (AB) of the walls 
was also unchanged following the ion exchange reactions (Fig. 4, D to F). Although the anion 
sublattices of the Cu1.75S nanocage in layer A′ and B′ are slightly distorted (Fig. S3), the symmetry of 
the anion sublattices still closely resembles the layers A and B. In addition, the volumes of the ion 
exchanged products expanded, because of the larger radii of S2- and Cd2+ (Table S1) (21). 
 
One of the advantages of this phase transition method is to selectively obtain polymorphic crystal 
phases at ambient conditions. The phase transition from zincblende to wurtzite structure of ZnS takes 
place at 1020 °C. By this phase transition method, ZnS with a zincblende and a wurtzite phase could 
be both obtained even at room temperature. Here we conducted the pseudomorphic transformation of 
the RH and RD Cu2O to CuxS and further to ZnS under ambient conditions. Figure S4A shows the 
SEM and TEM images of the resulting ZnS nanocages. Similar to the case of the CdS nanocages, 
subsequent cation exchange reactions of RH Cu1.8S and RD Cu1.75S nanocages with Zn2+ are likely to 
give the zincblende RH ZnS and the wurtzite RD ZnS nanocages, respectively (Fig. S4B). The UV-
Vis-NIR spectra displayed the characteristic semiconducting ZnS phase (Fig. S4C), but showed 
weakly localized surface plasmon resonance peaks in both ZnS nanocages, indicating that small 
amounts of the CuxS phases were present (22). The complete cation exchange did not proceed, but 
we could demonstrate the potential of our method to produce the unobtainable crystal phases under 
ambient conditions. 
 
Finally, we emphasize that the validity of our observation is strongly supported by the previous 
report (4) demonstrating an anion exchange of the hexagonal pyramid-shaped ZnO NCs with a 
wurtzite phase to the ZnS hollow NCs with a wurtzite phase. We envisage that this pseudomorphic 
transformation method could be applicable to a number of other ionic NCs at ambient temperatures, 
even if they are high-temperature stable phases like wurtzite ZnS. 
 
Fig. 1. Characterization and optical properties of the nanostructures. (A) SEM images, (B) XRD 
patterns, and (C) UV-Vis-NIR spectra of the RH and RD Cu2O NCs. The UV-Vis-NIR spectra shows 
the characteristic extinction feature of Cu2O NCs, in which a band gap absorption band was observed 
at around 450 nm (10). (D) SEM images, (E) XRD patterns, and (F) UV-Vis-NIR spectra of the CuxS 
pseudomorphic nanocages obtained by partially sulfiding Cu2O NCs with Na2S solution to form 
Cu2O-CuxS core-shell (Cu2O@CuxS) NCs, followed by etching the interior Cu2O cores with HCl 
solution. (G) SEM images, (H) XRD patterns, and (I) UV-Vis-NIR spectra of the CdS 
pseudomorphic nanocages obtained by further cation exchange of the CuxS nanocages with Cd2+ (8). 
The UV-Vis-NIR spectra show the clear band gap absorption bands characteristic of CdS nanocages 
at approximately 460 nm (18). 
 
Fig. 2. Schematic illustration for phase transitions induced by the shape-dependent anionic 
frameworks in anion exchange reactions and the subsequent cation exchange reactions. The 
crystal structures are projections of the crystal lattice on the faces. Information in parentheses below 
each structure stands for the symmetry and the stacking way of surface anion sublattices. 
 
Fig. 3. Crystal structure analyses of the walls of nanocages. (A, G) TEM images and (B, H) the 
corresponding NBD patterns viewed over the {200} facets of a single RH Cu1.8S and CdS nanocages, 
respectively. The NBD spot patterns indicate that the walls of the nanocages are single-crystalline. 
(C, I) HR-TEM images of the square regions of the RH Cu1.8S nanocage in Fig. 3A and the RH CdS 
nanocage in Fig. 3G. (D, J) TEM images and (E, K) the corresponding NBD patterns viewed over 
the {040} and {0002} facets of a single RD Cu1.75S and CdS nanocages, respectively. The NBD spot 
patterns also indicate that the walls of the nanocages are single-crystalline, as observed in RH 
nanocages. (F, L) HR-TEM images of the square regions of the RD Cu1.8S nanocage in Fig. 3D and 
the RD CdS nanocage in Fig. 3J. 
 
Fig. 4. Comparison of surface anion sublattice symmetry and stacking way of nanostructures. 
(A–C) The anion sublattices viewed over the faces of (A) the RH Cu2O NC (bcc structure) with a 
[100] direction to the edge and a [110] direction to the corner of the wall, (B) the RH Cu1.8S 
nanocage (fcc structure) with a [110] direction to the edge and a [100] direction to the corner of the 
wall and (C) the RH CdS nanocage (fcc structure) with a [110] direction to the edge and a [100] 
direction to the corner of the wall. The sides of the walls showed the similar lattice stacking way (AB) 
after a sequence of the ion exchange reactions. (D–F) The anion sublattices viewed over the faces of 
(D) the RD Cu2O NC (bcc structure) with [011] direction to a (011) plane, (E) the RD Cu1.75S 
nanocage (hcp-like structure) with [100] direction to a (010) plane and (F) the RD CdS nanocage 
(hcp structure) with [011¯0] direction to a (0001) plane. The lattice stacking way (AB) of the walls is 
also unchanged after a sequence of the ion exchange reactions.  
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Materials and Methods 
Chemicals 
Copper(II) nitrate trihydrate (Cu(NO3)2 3H2O, 99%, Wako), hydroxylammonium 
chloride (NH2OH HCl, 98%, Wako), sodium hydroxide (NaOH, 96%, Wako), sodium 
dodecyl sulfate (SDS, 99+%, Aldrich), sodium sulfate, 9-hydrate (Na2S 9H2O, 98%, 
Chamekon Reagent), hydrochloric acid (HCl, 35~37%, nacalai tesque), cadmium nitrate 
tetrahydrate (Cd(NO3)2 4H2O, 99.9%, Wako), tributyl phosphine (TBP, 99+%, TCI), 
Trioctylphosphine (TOP, 95%, Kanto Chemical), methanol (99.9%, Wako), toluene 
(99.8%, Wako) and n-octylamine (99.5%, Wako) were used without further purification. 
Ultrapure distilled and deionized water was used for all solution preparations. 
 
Methods 
Synthesis of RH and RD Cu2O NCs. Cu(NO3)2 (0.1 M, 50 µmol), SDS surfactant 
(0.03 M, 0.3 mmol), NH2OH·HCl aqueous solution (0.2 M, 40 µmol for RH and 240 
µmol for RD) and NaOH (1.0 M, 180 µmol) were added to a vial in the order listed and 
the mixture was held for 2 h at 23 °C. The reaction mixture was purified by 
centrifugation at 5000 rpm for 10 min. The precipitate was washed using methanol (5 
mL), then subjected to centrifugation at 5000 rpm for 5 min. The final product was 
redispersed in methanol (5 mL). 
Synthesis of RH and RD CuxS Nanocages. The as-synthesized Cu2O NCs in 
methanol (5 mL) were cooled in an ice-bath for 5 min. Na2S(aq) (100 µL, 0.05 M, 5.0 
µmol) was added to the suspension, then stirred for 30 s to convert the surfaces of the 
Cu2O NCs into thin CuxS shells (~ 8 nm). The suspension was centrifuged at 5000 rpm 
for 5 min, then the precipitate was dispersed in methanol (5 mL). The Cu2O cores were 
removed by adding HCl(aq) (100 µL, 2.0 M, 200 µmol) with shaking for 30 s. The 
solution turned brown immediately, indicating the formation of CuxS nanocages. The 
nanocage suspension was centrifuged at 5000 rpm for 10 min, then redispersed in 
methanol (5 mL) for the subsequent cation exchange reaction from CuxS to CdS. 
Synthesis of RH and RD CdS Nanocages. A mixture of Cd(NO3)2 in methanol (2.5 
mL, 0.2 M, 0.5 mmol) and TBP in toluene (2.5 mL, 0.4 M, 1.0 mmol) was added 
dropwise to the CuxS nanocage solution at ambient temperature under sonication. The 
exchange reaction was allowed to proceed for 30 min, with the brown solution gradually 
turning yellow. The CdS nanocage suspension was centrifuged at 6500 rpm for 10 min 
twice, then redispersed in methanol (5 mL). 
Synthesis of RH and RD ZnS Nanocages. A mixture of Zn(NO3)2 in methanol (2.5 
mL, 0.2 M, 0.5 mmol) and TOP in toluene (2.5 mL, 0.4 M, 1.0 mmol) was added 
dropwise to the CuxS nanocage solution at ambient temperature under sonication. The 
exchange reaction was allowed to proceed for 2 h. The ZnS nanocage suspension was 







Scanning electron microscopy (SEM) images of the samples were obtained using a 
S-4800 (HITACHI) electron microscope. Transmission electron microscopy (TEM) 
characterization was performed on JEM1011 (JEOL) and JEOL-2200 (FS equipped with 
Cs-corrector) electron microscopes with operating voltages of 100 kV and 200 kV. 
Powder X-ray diffraction (XRD) patterns were recorded on a PANalytical X’Pert Pro 
MPD diffractometer with Cu Kα radiation. UV-vis absorption spectra were taken using a 







Fig. S1Low magnification SEM images of (A) RH Cu1.8S, (B) RD Cu1.75S, (C) RH CdS, 
and (D) RD CdS nanocages.  
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Fig. S2The connections of two neighboring walls viewed from the orange lines (top 
view) and the red squares (side view) in (A) RH and (B) RD nanocages. The yellow 














Fig. S4 ZnS nanocages with different crystal structures obtained from the shape-
dependent anionic frameworks induced phase transitions. (A) SEM and TEM images, (B) 
XRD patterns, and (C) UV-Vis-NIR spectra of the ZnS nanocages obtained by cation 
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Table S1Comparison of anion densities of the RH and RD nanostructures after ion 
exchange reactions. 
